Abstract. The present study investigated the effects of berberine (BBR) on hepatic oxidative stress and the nuclear factor erythroid 2-related factor 2/antioxidant response element (Nrf2/ARE) signalling pathway in rats in which non-alcoholic fatty liver disease (NAFLD) was induced by a high-fat diet. Rats were randomly divided into three groups: The normal control (NC), high-fat diet (HFD) and BBR groups. The NC group received a normal diet, while the other two groups were fed a high-fat diet. The rats in the BBR group were also fed BBR (100 mg/kg body weight) daily. A total of 8 weeks later, serum and liver lipid levels were measured. Hepatic histopathological changes were observed with haematoxylin and eosin and Oil Red O staining. Transmission electron microscopy was performed to observe the ultrastructural changes of the liver. The levels of superoxide dismutase (SOD), glutathione (GSH) and malondialdehyde (MDA) in the liver were measured. Quantitative polymerase chain reaction and western blotting were performed to investigate the expression of genes in the Nrf2/ARE signalling pathway in the liver. Histopathological results demonstrated that rats fed a high-fat diet for 8 weeks developed NAFLD, characterized by hepatic steatosis. BBR significantly decreased the body weight and liver weight. BBR markedly reduced hepatic steatosis, and the serum and liver lipid levels. Hepatic SOD and GSH levels were increased, while MDA levels were decreased by BBR co-administered with a high-fat diet. Additionally, the Nrf2/ARE signalling pathway was revealed to be involved in the protective effect of BBR on rats fed a high-fat diet. In conclusion, BBR may alleviate hepatic oxidative stress in rats with NAFLD, which may be partly attributed to the activation of the Nrf2/ARE signalling pathway.
Introduction
Non-alcoholic fatty liver disease (NAFLD), which is characterized by the presence of hepatic steatosis in the absence of excessive alcohol consumption, is recognized as the typical hepatic manifestation of metabolic syndrome (1) . It has become the most common cause of chronic liver disease worldwide, and its prevalence has risen rapidly with the rise of obesity, type 2 diabetes mellitus and metabolic syndrome epidemics (2, 3) . NAFLD represents a wide spectrum of pathological hepatic changes ranging from simple steatosis to steatohepatitis to different degrees of fibrosis severity (4) . The pathogenesis of NAFLD, which is not fully understood, involves several factors, including insulin resistance, alterations of lipid metabolism, mitochondrial dysfunction and oxidative stress (5) . Since the mechanistic understanding of and treatment options for NAFLD remain limited, extensive research efforts have been made to develop novel therapeutics for the disease (6) .
Oxidative stress serves a pivotal role in the development of NAFLD (7, 8) . Nuclear factor erythroid 2-related factor 2 (Nrf2), a cytoprotective transcription factor, serves an important role in cellular defence against oxidative stress by interacting with the antioxidant response element (ARE) sequences of antioxidant and cytoprotective genes (9, 10) . Under normal conditions, Nrf2 is localized to the cytoplasm through its interaction with the actin-bound protein, Kelch-like epichlorohydrin-associated protein 1 (Keap1). When oxidative stress occurs, Nrf2 dissociates from Keap1 and translocates to the nucleus, where Berberine attenuates hepatic oxidative stress in rats with non-alcoholic fatty liver disease via the Nrf2/ARE signalling pathway it binds to ARE sequences, leading to the expression of antioxidant enzymes (9, 10) . During the process of oxidative stress, activation of the Nrf2/ARE signalling pathway can protect the liver against oxidative stress by inducing the expression of antioxidant enzymes, including haeme oxygenase 1 (HO-1) and NAD(P)H dehydrogenase [quinone] 1 (NQO1) (11, 12) . For these reasons, the Nrf2/ARE signalling pathway has been regarded as an important therapeutic target for the prevention and treatment of NAFLD (13) . Berberine (BBR) is a type of isoquinoline alkaloid that was originally isolated from the Chinese medicinal herb Rhizoma coptidis, which has been extensively used to treat diabetes mellitus for more than 1,500 years as part of traditional Chinese medicine (14) . BBR has been reported to have pharmacological effects in lowering blood glucose (15) , reducing blood lipids (16) , improving insulin sensitivity (17) and reducing inflammation (18) ; these effects may contribute to its efficacy in treating NAFLD. Furthermore, accumulating evidence from animal models and clinical trials suggests that BBR may be a potential drug for NAFLD (19, 20) , but the underlying molecular mechanisms of the effects of BBR in the prevention and treatment of NAFLD remain far from fully elucidated. In the present study, the authors used a NAFLD rat model induced by a high-fat diet to further investigate whether BBR has a beneficial effect on NAFLD through the regulation of the Nrf2/ARE signalling pathway and the amelioration of oxidative stress in the liver.
Materials and methods

Animals.
A total of 24 specific pathogen-free male Sprague-Dawley rats aged 6-7 weeks (220±20 g) were purchased from the Laboratory Animal Research Center of Guangzhou University of Traditional Chinese Medicine (Approval No. SYXK (Yue) 2013-0117; Guangzhou, China). The rats were housed, approximately five per cage, under conditions of controlled temperature (22-26˚C) and humidity (50-60%), with a 12-h light/dark cycle, and free access to water and the specified diet.
Experimental design. After 1 week of adaptive feeding, the rats were randomly divided into three groups of 8 rats each: The normal control (NC) group, the high-fat diet (HFD) group and the BBR group. The rat model was established according to a method previously reported by our group; however, the duration was adjusted from 12 to 8 weeks (21) . The rats in the NC group had free access to a standard diet (11% kcal as fat, 20% kcal as protein and 69% kcal as carbohydrate), while those in the HFD group and BBR group were fed a high-fat diet (30% kcal as fat, 19% kcal as protein and 51% kcal as carbohydrate). The two supplements were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). The rats in the BBR group were given BBR (Mysun Pharmaceutical Co., Ltd., Chifeng, China) at a dose of 100 mg/kg body weight by gastrogavage each day (22, 23) , and those in NC and HFD group were given 10 ml/kg body weight distilled water. The interventions lasted for 8 weeks. At the end of week 8, all rats were anesthetized by intraperitoneal injection of 2% pentobarbital (40 mg/kg body weight) and blood samples were then collected from the abdominal aorta. The blood samples were centrifuged at 1,500 x g for 10 min at 4˚C and the clear supernatants were collected. The livers were immediately removed and weighed. All rats were treated in accordance with the Guiding Principles for Animal Experiments approved by the Animal Experimental Ethics Committee of Jinan University (Guangzhou, China).
Biochemical analysis. Serum total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were measured using an automatic biochemical analyser (7600-020; Hitachi, Ltd., Tokyo, Japan). The liver tissues were placed into isopropanol for 15 min at 4˚C. Homogenates were then acquired using a homogenizer (Qiagen GmbH, Hilden, Germany) and centrifuged at 3,000 x g for 10 min at 4˚C. The clear supernatants were then collected. Liver TC and TG levels were determined using the automatic biochemical analyser, and expressed as a value relative to initial sample wet weight.
Histopathological evaluation. Fresh liver tissues were fixed in 10% formalin for 24 h at 4˚C or frozen in liquid nitrogen for subsequent experiments. Formalin-fixed liver tissues were dehydrated in ethyl alcohol, dealcoholized in xylene, embedded in paraffin, sliced to a thickness of 5 µm and then stained with haematoxylin and eosin. At room temperature, liver sections were stained with haematoxylin for 5 min and eosin for 2 min. Frozen liver tissues were embedded in optimum cutting temperature compound (Sakura Finetek USA Inc., Torrance, CA, USA), sliced at a thickness of 8 µm at -18˚C and stained with Oil Red O (cat. no. D027; Nanjing Jiancheng Technology Co., Ltd., Nanjing, China) for 10 min at room temperature. All liver sections were observed under a light microscope (magnification, x200). The percentage of Oil Red O-stained area was measured using Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA). For transmission electron microscopy (TEM), liver tissues were fixed with 2.5% buffered glutaraldehyde solution overnight at 4˚C and post-fixed with 1% osmium tetroxide solution for 1 h at 4˚C, then embedded in Epon812 epoxy resin. Samples were sliced at a thickness of 80 nm and stained with uranyl acetate for 15 min and lead citrate for 5 min at room temperature. Images were acquired using a transmission electron microscope (magnification, x3,900).
Measurement of oxidative stress markers in the liver.
Liver tissues were homogenized in PBS at 4˚C. The homogenates were then centrifuged at 3,000 x g for 10 min at 4˚C and the supernatants were collected for subsequent examinations. The protein concentration of supernatants was measured using a bicinchoninic acid assay (BCA) protein assay kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). The levels of superoxide dismutase (SOD; cat. no. A001-3), glutathione (GSH; cat. no. A006-2) and malondialdehyde (MDA; cat. no. A003-1) were measured using corresponding commercial kits (Nanjing Jiancheng Technology Co., Ltd.) following the manufacturer's protocol.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from liver tissues using RNAiso Plus and cDNA was synthesized with PrimeScript RT reagent kit (both Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer's instructions. Reaction were performed as follows: 37˚C for 15 min, 85˚C for 5 sec. qPCR was then performed using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.) using the CFX96 Touch real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) following the manufacturers' protocol. Reaction conditions were as follows: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec, 60˚C for 30 sec and 72˚C for 30 sec. The primers were synthesized by Generay Biotech Co., Ltd. (Shanghai, China). GAPDH was used as an internal control. The primer sequences are listed in Table I . Relative mRNA levels were calculated using the 2 -ΔΔCq method (24) .
Western blot analysis. Western blotting was used to determine the protein expression levels of Nrf2, Keap1, HO-1, NQO1 and GAPDH. GAPDH was used as an internal control. Total protein was extracted from the homogenate with radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's protocol. Protein concentrations were measured using bicinchoninic acid Protein Assay kit (Nanjing KeyGen Biotech Co., Ltd.). Equal amounts of protein (30 µg/lane) were separated using 10% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% skim milk in TBS with 0.1% Tween-20 for 1 h at room temperature, then incubated with anti-Nrf2 (cat. no. ab137550; 1:500; Abcam, Cambridge, UK), anti-Keap1 (cat. no. 7705; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-HO-1 (cat. no. AJ1338b; Abgent, Inc., San Diego, CA, USA), anti-NQO1 (cat. no. ab28947; Abcam; all 1:1,000) or anti-GAPDH (cat. no. KC-5G5; 1:10,000; KangChen BioTech, Co., Ltd., Shanghai, China) antibodies overnight at 4˚C, followed by an incubation with horseradish peroxidase-conjugated goat anti-rabbit antibodies (cat. no. 4050-05; 1:10,000, Southern Biotech, Birmingham, AL, USA) for 1 h at room temperature. The protein bands were visualized with enhanced chemiluminescence Plus electrochemical luminescence reagent (cat. no. P0018; Beyotime Institute of Biotechnology). Blots were scanned using the ChemiDoc Imaging system (Bio-Rad Laboratories, Inc.) and then the densitometric analysis of band intensities was performed with Image Lab 2.3 (Bio-Rad Laboratories, Inc.).
Statistical analysis. The data are expressed as mean ± standard deviation and statistically analysed with SPSS 20.0 (IBM Corp., Armonk, NY, USA). Experiments were repeated ≥3 times. Differences between groups were analysed using one-way analysis of variance followed by Bonferroni post-hoc test. P<0.05 indicated that the difference between groups was statistically significant.
Results
BBR decreases body weight and decreases liver weight.
As shown in Fig. 1 , at the end of the experimental period, the body weight at week 6, liver weight and the liver/body weight ratio in the HFD group were significantly higher compared with the corresponding NC group (all P<0.01). Additionally the body weight at week 4 and 8 in the HFD group were significantly higher compared with the corresponding NC group (both P<0.05). Compared with the HFD group, the body weight at weeks 6 and 8, and liver weight in the BBR group were significantly decreased (all P<0.01). The liver/body weight ratio in the BBR group was also decreased compared with the HFD group, although not in a significant manner. In addition, rats in the HFD and BBR groups demonstrated decreased food intake, but the differences were not significant.
BBR ameliorates HFD-induced hepatic histopathological changes. As shown in Fig. 2A , histological observations revealed microvesicular steatosis in the livers of the model rats, as demonstrated by excessive small lipid droplets inside the cytoplasm and the swelling of hepatocytes (25) . However, there was little evidence of inflammation. This confirmed the successful establishment of the NAFLD model by feeding the rats a high-fat diet for 8 weeks. Rat livers of the NC group exhibited a normal histological structure with no indication of steatosis and inflammation. Compared with the HFD group, the histological structure of rat livers was improved in the BBR group. In addition, the percentage of the Oil Red O-stained area was significantly higher in the HFD group when compared with the NC group (P<0.01; Fig. 2B ). Transmission electron microscopy demonstrated a decreased number of mitochondria in the HFD group compared with the NC group. In contrast to the HFD group, the intensity of hepatic steatosis was significantly ameliorated in the BBR group, as demonstrated by the decreased percentage of the Oil Red O-stained area (P<0.01; Fig. 2B ).
BBR decreases lipid metabolic parameters.
To confirm the role of BBR in lipid metabolism, serum and liver lipid profiles were assayed. The histopathological changes revealed that the liver levels of TC and TG were significantly increased in the HFD group compared with the NC group (both P<0.01; Fig. 2C and D) . By contrast, the BBR group exhibited significant decreases in the liver levels of TC (P<0.05) and TG (P<0.01) compared with the HFD group. As shown in Fig. 3 , compared with the corresponding NC group, serum TC, TG (both P<0.05) and LDL-C (P<0.01) levels were significantly increased in the HFD group. The serum HDL-C level was significantly decreased in the HFD group compared with the NC group (P<0.01). These results suggested the presence of a lipid metabolism disorder in the rats with NAFLD. When BBR was administered, the levels of TC, TG and LDL-C were significantly suppressed while the HDL-C level was significantly increased compared with the HFD group (all P<0.05).
BBR increases SOD and GSH, and decreases MDA.
To evaluate the possible role of BBR in hepatic oxidative stress, SOD, GSH and MDA levels in the liver were assayed. As shown in Fig. 4 , rats in the HFD group exhibited significant decreases in SOD (P<0.01) and GSH (P<0.05) levels compared with the NC group. By contrast, MDA levels in the HFD group were significantly higher compared with those in the NC group (P<0.01). In the BBR group, SOD (P<0.01) and GSH (P<0.05) levels were significantly increased, whereas MDA levels (P<0.05) were significantly reduced compared with those in the HFD group.
BBR increases the expression of genes in the Nrf2/ARE signalling pathway in the liver.
To further evaluate the role of the Nrf2/ARE signalling pathway in the development of NAFLD, some key mRNAs and proteins involved in the Nrf2/ARE signalling pathway were measured. As shown in Fig. 5 , compared with the NC group, the mRNA levels of Nrf2, HO-1 and NQO1 in the HFD group were significantly increased (all P<0.05). Western blot analysis also demonstrated that the expression of HO-1 protein was significantly increased in the HFD group compared with the NC group (P<0.01), while the expression levels of Nrf2 and NQO1 protein were markedly increased compared with the NC group (Fig. 6) . Additionally, BBR administration further increased the mRNA levels of Nrf2, HO-1 and NQO1; they were significantly increased compared with the HFD group (all P<0.05; Fig. 5 ). Western blot analysis revealed that the protein expression levels of Nrf2, NQO1 (both P<0.01) and HO-1 (P<0.05) were significantly increased in the BBR group compared with the HFD group (Fig. 6) . No significant changes in Keap1 mRNA and protein levels were observed among the groups (Figs. 5 and 6) .
Discussion
In the current study, the authors established a NAFLD rat model by feeding rats a high-fat diet for 8 weeks. The authors demonstrated that H&E-and Oil Red O-stained liver sections from the model group displayed typical hepatic steatosis, as demonstrated by excessive lipid droplets in the cytoplasm and the swelling of hepatocytes (21) . Additionally, serum and liver lipid levels were significantly higher in the model group compared with the normal group. Body weight and liver weight were also significantly increased in the model group. Taken together, these results indicate that rats fed a high-fat diet for 8 weeks can develop the typical signs of hepatic steatosis and lipid metabolism disorder, suggesting that the authors of the current study successfully established a rat model of NAFLD.
Although the pathogenesis of NAFLD remains unclear, the 'two-hit theory' is a widely accepted interpretation of the pathogenic mechanism of NAFLD. The 'first hit' refers to the accumulation of excessive hepatic fat due to insulin resistance, while oxidative stress has been recognized as the 'second hit' in the pathogenesis of NAFLD (26, 27) . During the 'second hit', oxidative stress caused by excess fat accumulation leads to mitochondrial dysfunction and further liver cell injury, which contributes to the development of NAFLD (8) . As important indicators of oxidative stress, antioxidant enzymes, such as SOD, and reactive species, such as MDA, are often used to assess the level of oxidative stress in NAFLD (28) . In the current study, the authors observed that rats fed a HFD exhibited a higher MDA level along with lower SOD and GSH levels. The results suggested that oxidative stress could be induced in rat livers after 8 weeks of high-fat feeding.
Over the past decade, a growing body of evidence suggests that activation of the Nrf2/ARE signalling pathway can protect hepatic cells from oxidative stress and prevent the progression of NAFLD (29, 30) . HO-1 and NQO1 are important antioxidant enzymes regulated by the Nrf2/ARE signalling pathway (9) . The results of the current study indicated that the expression of proteins in the Nrf2/ARE signalling pathway was slightly elevated in the livers of the rats high-fat diet-induced NAFLD. This finding indicates that Nrf2 activation could be induced by 8 weeks of high-fat feeding, which is consistent with a previous study (30) . Under normal conditions, Nrf2-dependent transcription is repressed by the regulator Keap1 (10) . During exposure to oxidative stress, Nrf2 dissociates from Keap1 and is therefore not repressed by Keap1; Nrf2 then translocates into the nucleus where it combines with ARE sequences, activating the downstream transcription of antioxidant enzymes (11, 13) . The oxidative stress induced by high-fat feeding may activate the Nrf2/ARE signalling pathway, which is important to cellular antioxidant defence (13) . A number of studies have demonstrated that, in Nrf2-deficient mice, the inability to adapt to hepatic oxidative stress may hasten the development of NAFLD (31, 32) . Nevertheless, adaptive Nrf2 activation induced solely by high-fat feeding may not be sufficient to avoid the progression of NAFLD in the absence of an additional Nrf2 activator. Therefore, pharmacological activation of Nrf2 expression has the potential to attenuate the onset of fatty liver disease (12, 31) . Collectively, these results indicated that Nrf2 serves an important role in inhibiting the progression of NAFLD, and Nrf2 activators have the potential to help prevent and treat this disease.
BBR is a natural compound extracted from the dry roots of Rhizoma coptidis that has been revealed to have beneficial effects on metabolic disorders, such as diabetes mellitus (33, 34) . Several studies have reported that BBR can reduce body weight, liver weight and serum lipid levels in animal models (35, 36) . Similarly, the data from the current study demonstrated that BBR exhibits similar beneficial effects in rats with NAFLD induced by a high-fat diet. In the present study, body weight, liver weight and liver lipids in the BBR group were significantly decreased compared with the HFD group. The results of the histopathological evaluation also demonstrated that BBR markedly alleviated hepatic steatosis. These results are in agreement with a previous study our group (21) . In brief, these data indicate that BBR successfully slowed down the development of NAFLD in rats through biochemical and histological improvements.
BBR has been reported to attenuate oxidative stress through activation of antioxidative pathways (18, 37) . Thus, the authors of the current study hypothesized that the Nrf2/ARE signalling pathway may be involved in the mechanisms of the protective effect of BBR in high-fat diet-induced NAFLD. The authors investigated whether BBR can regulate a number of key proteins of the Nrf2/ARE signalling pathway in the liver. The results revealed that the liver levels of the Nrf2, HO-1 and NQO1 proteins in the BBR group were significantly higher when compared with those in the HFD group. These data suggest that BBR administration in rats fed with a high-fat diet could up-regulate Nrf2 expression as well as the expression of some genes and proteins involved in the Nrf2/ARE signalling pathway. As predicted, the results demonstrated that liver MDA content, the product of lipid peroxidation during oxidative stress (8) , was decreased by BBR co-administration. Additionally, BBR increased the liver levels of SOD and GSH, which could help to relieve oxidative stress. This effect may have been attributable to the up-regulation of the Nrf2/ARE signalling pathway. In addition, studies have demonstrated that the Nrf2/ARE signalling pathway may be involved in regulation of hepatic lipid metabolism (11, 31) . A number of pharmacological Nrf2 activators have been reported to reduce liver lipid accumulation and lipogenic gene expression in vivo (38) . In the present study, biochemical and histological examination partly confirmed that Nrf2 overexpression following BBR administration reduced lipid content and attenuated hepatic steatosis. Taken together, the findings of the current suggest that BBR can induce the activation of the hepatic Nrf2/ARE signalling pathway, and that this effect may contribute to the amelioration of oxidative stress and its deleterious effects. The Nrf2/ARE signalling pathway may be an important target for BBR in the prevention and treatment of NAFLD. However, the precise mechanisms by which BBR affects the Nrf2/ARE signalling pathway, oxidative stress and lipid metabolism in the development of NAFLD requires further clarification.
In conclusion, the current study demonstrated that BBR may up-regulate the hepatic Nrf2/ARE signalling pathway in rats fed a high-fat diet, and this effect may be associated with the amelioration of oxidative stress. Based on these findings, the authors of the current study concluded that the activation of the Nrf2/ARE signalling pathway may be one of the important mechanisms by which BBR exerts its protective effect against NAFLD.
